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In integrating topological insulators (TIs) with conventional materials, one crucial 
issue is how the topological surface states (TSS) will behave in such heterostructures. 
We use first-principles approaches to establish accurate tunability of the vertical 
location of the TSS via intriguing dual-proximity effects. By depositing a 
conventional insulator (CI) overlayer onto a TI substrate (Bi2Se3 or Bi2Te3), we 
demonstrate that, the TSS can float to the top of the CI film, or stay put at the CI/TI 
interface, or be pushed down deeper into the otherwise structurally homogeneous TI 
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substrate. These contrasting behaviors imply a rich variety of possible quantum 
phase transitions in the hybrid systems, dictated by key material-specific properties 
of the CI. These discoveries lay the foundation for accurate manipulation of the real 
space properties of TSS in TI heterostructures of diverse technological significance. 
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The discoveries of topological insulator (TI) phases1- 4 in HgTe quantum wells5 and 
Bi-based materials (Bi1-xSbx, Bi2Se3, Bi2Te3, etc.)6- 13 have inspired extensive research 
efforts on exploiting their exotic quantum properties 14- 18 and potential applications in e.g. 
quantum computing19, spintronics20, and catalysis21,22. The uniqueness of TI lies in the 
robust metallic topological surface states (TSS) with linear Dirac-cone-like energy-
momentum dispersion. The TSS arises from the strong intrinsic spin-orbit coupling (SOC) 
that drives the electronic structures of the TIs to a topologically nontrivial phase, and is 
expected to appear at an interface between topologically nonequivalent regions, such as 
between a TI and a conventional insulator (CI). The requirement of strong SOC suggests 
that heavy-element, small-band-gap semiconductors are the most promising candidate 
materials11-13,23 to reach the TI phase. Recent research efforts have also revealed that a 
trivial insulator can be twisted into a topological state by manipulating the spin-orbit 
interaction24,25, the crystal lattice11,13, or with the application of an external electric field26, 
driving the system through a topological phase transition.  
The present study offers a conceptually intriguing alternative approach to achieving 
such quantum phase transitions, via dual topological proximity effects, characterized by 
controlled shift of the spatial location of the TSS in TI-based heterostructures. Recently, 
a number of peculiar quantum phenomena have been discovered in various TI-based 
heterostructures14-21,27- 35, such as Majorana fermions induced by the superconducting 
proximity effect19, topological magnetoelectric effect4, quantized anomalous Hall effect14, 
and electron reservoir effect of TSS in surface catalysis21. Although the TSS was 
confirmed to be robust as the TI surface is intruded under diverse conditions provided 
that time reversal symmetry is preserved21, 27-31, its properties can be largely modified due 
4 
 
to the tunability in the magnitude of interfacial coupling within the heterostructures. 
Specifically, the present work reveals a new degree of freedom in the tunability of 
the TSS properties, namely, its location perpendicular to the surface, as a CI overlayer is 
placed onto a TI substrate. We establish this intriguing and highly desirable tunability 
using ultrathin (single stoichiometric layer) films of CIs (ZnM, M = S, Se, and Te) on 
Bi2Se3 or Bi2Te3 as prototypical examples, and the concepts established are expected to 
be applicable to other related heterostructural systems or when thicker overlayers are 
used. We show that, because of the strong influence of the interaction with the TI on the 
electronic properties of the ultrathin CI films, the latter may undergo a nontrivial 
topological phase transition, signified by the relocation of the TSS from the TI/CI 
interface to the top of the CI film (Fig. 1a). Furthermore, the TSS can also be manipulated 
to stay put at the TI/CI interface (Fig. 1b) by tuning one or more key physical properties 
of the CI to be out of the window for topological phase transition. Most strikingly, we 
discover a reverse-proximity effect: The top quintuple layer (QL) of the TI may even be 
driven by the CI film to a topologically trivial phase, signified by a spatial shift of the 
TSS toward the inside of the TI (Fig. 1c).  Collectively, these results help to enrich our 
understanding of possible topological quantum phase transitions in the hybrid systems, 
and also lay the foundation for precise manipulation of the real space properties of TSS in 
TI heterostructures of diverse technological significance. Here we also wish to 
emphasize one important aspect associated with the introduction of “topological 
proximity effect”: It does not involve symmetry breaking associated with a local order 
parameter, as the topological phase is a nonlocal, global property of the system36. It is 
qualitatively different from traditional proximity effects19,37,38, which typically invoke 
5 
 
some symmetry breaking processes measured by the corresponding local order 
parameters. 
 
Results and discussions 
A bulk ZnM (M = S, Se, and Te) material crystallizes in a zincblende structure (space 
group Fd-3m), with its (111) surface geometry matching well with the (0001) surface of 
Bi2Se3 or Bi2Te3. The lattice mismatch between ZnM (111) and Bi2Se3 (0001) is +8.4%, 
+3.5%, and -3.9% for M = S, Se, and Te, respectively, where “+” or “-” denotes tensile or 
compressive strain. Another advantage of using the ZnM family is that they span a 
considerable range of the key property parameters such as the SOC strength and band 
gap34 (see Table I, and Supplementary Section S1). As proof of principles, here we limit 
ourselves to the cases where a single stoichiometric ZnM layer is deposited onto a TI 
substrate (Fig. 1d).  
Topological proximity effects in ZnS/Bi2Se3 and ZnSe/Bi2Se3. Figures 2a-c display the 
atom-resolved band structures of ZnS/Bi2Se3. The Dirac points of the TSSs are still 
located at the Fermi level, indicating a negligible charge transfer (or transfer doping39) 
between the ZnS film and Bi2Se3. Although the existence of the Dirac points is 
guaranteed by time reversal symmetry, away from the Г point, the degeneracy of the two 
TSSs from the two surfaces of the TI slab is lifted, due to the interaction between the ZnS 
film and the upper surface of the Bi2Se3. To find out the spatial location of the TSS, we 
plot the atom-specific character of each band, as indicated by the dots superposed onto 
the band structure. It is apparent from Figs. 2b and 2c that the Dirac-cone like TSS bands 
are localized on the 1st QL (upper surface) and 6th QL (lower surface) of the Bi2Se3, 
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whereas from Fig. 2a we see that the TSS has negligible electron weight from the ZnS 
film. The real-space density of states of the upper-surface TSS at the Dirac point (Fig. 2d) 
also confirms this identification. Therefore, the ZnS/Bi2Se3 system can be regarded as the 
same as a bare Bi2Se3 film placed in the vacuum, in the sense that the ZnS film remains a 
topologically trivial CI just like the vacuum, and hence the TSS in essence stays put at 
the surface of the Bi2Se3.  
The same analysis yields very different behaviors for the system of ZnSe/Bi2Se3, 
shown in Figs. 2e-h. Compared to the former case of ZnS/Bi2Se3, the upper-surface TSS 
now shifts downward in energy due to enhanced charge transfer from ZnSe to Bi2Se3, 
which can be qualitatively understood from the smaller work function of the ZnSe film 
than that of ZnS (see Table I and also Supplementary Section S2). However, the most 
interesting difference between the present system and the former one is that, from Fig. 2e, 
a considerable weight of the TSS is carried by the ZnSe film, which is also 
unambiguously confirmed by the real space density of states of the TSS in Fig. 2h. 
Because a TSS marks the boundary between topologically inequivalent phases of matter, 
the upward shift of the TSS to the surface of the ZnSe overlayer indicates that the 
(ZnSe/TI) heterostructure as an entirety becomes an expanded TI via the topological 
proximity effect. More specifically, the topologization of the CI overlayer is signified by 
the whole (CI/TI) system possessing the same and only TSS located on top of the CI 
surface, namely, at the global boundary between the topologically trivial vacuum and the 
topologically nontrivial and combined (CI/TI) system.  
We now discuss the underlying physical origin of the contrasting behaviors of the 
TSS in ZnS/Bi2Se3 and ZnSe/Bi2Se3. Since the nontrivial topology of the electronic 
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structure of Bi2Se3 is ascribed to its strong SOC and small bulk band gap, it is intuitive 
that these factors associated with the CI materials are also essential for the different 
topological proximity effects we just observed. Indeed, the bulk phase of ZnSe has a 
much larger SOC (0.12 eV compared to 0.02 eV) and smaller band gap (1.20 eV 
compared to 2.09 eV) than ZnS, and the trend is preserved for the single-layer films as 
well (see Table I and Supplementary Section S1), making ZnSe “more proximate” to a TI 
material property-wise. Thus the term “proximity effect” here carries a dual meaning of 
both spatial and property-wise closeness. To gain a deeper understanding of the roles 
played by these key parameters of the ZnM, we look into the band structures of the two 
heterostructures (Figs. 2a, e). In the ZnSe/Bi2Se3 case (Fig. 2e), one can see that the SOC-
induced gap (∆SO) within the valence band of the ZnSe is aligned with the energy range 
of the TSS, and the TSS is mainly derived from the lower branch of the SOC-split bands. 
Charge transfer or transfer doping39 from the ZnSe to the Bi2Se3 down-shifts the TSS, 
thereby facilitating its hybridization with the lower branch of the SOC-split bands. In 
particular, when the energy range of the TSS of the TI substrate falls into the SOC-
induced gap region of the ZnSe, the coupling between the initial TSS and the SOC-split 
bands of the CI will be strong, leading to the newly-derived TSS of the resultant (CI/TI) 
system that contains high electron weight from the ZnSe overlayer. Moreover, because 
the dispersion of the lower branch of the SOC-split band is similar to the linear dispersion 
of the TSS, these two bands are more likely to hybridize in a wider range of the k-space. 
 In contrast, for ZnS/Bi2Se3, the bulk gap (and correspondingly the TSS) of the TI 
falls completely within the gap of the CI film (see Figs. 2a-c); consequently, the bands 
from the ZnS and Bi2Se3 are only mutually weakly perturbed. This “bad” alignment in 
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the sense of absent proximity effect is partly due to the much larger band gap of ZnS than 
that of ZnSe, and partly because of the smaller mismatch between the work functions of 
the ZnS film and Bi2Se3 substrate than that in the ZnSe/Bi2Se3 case (Table I). As an 
alternative view, the seemingly trivial case of ZnS/Bi2Se3 in essence represents a 
balanced outcome of more accurate tuning, where one or more of the key CI parameters 
are pushed out of the range for the topological phase transition to take place. 
Reverse topological proximity effect in ZnTe/Bi2Se3. With these competing factors in 
mind, we next look into the system of ZnTe/Bi2Se3. Since ZnTe has an even larger SOC 
and a smaller bulk band gap than that of ZnSe (see Supplementary Fig. 2) 40, the first 
intuition is to see an even more pronounced relocation of the TSS to the top of the ZnTe 
film. However, as a counterintuitive surprise, the upper-surface TSS now has a reverse 
shift toward the inner of Bi2Se3, with its peaked density located on the top of the 2nd QL 
(Figs. 3a-e). 
To reveal the physical origin of this unexpected reverse-proximity effect, we first 
note that, from Figs. 3a-d, both the bulk bands of Bi2Se3 and the TSS have a more 
noticeable downward shift in energy compared to the case of ZnSe/Bi2Se3, while the 
ZnTe film becomes strongly p-doped, indicating the most pronounced charge transfer 
from the CI overlayer to the TI substrate among the three cases. This behavior can be 
understood from the much smaller work function of the ZnTe film in comparison to that 
of ZnSe. The concomitant misalignment between the TSS and valence band top of ZnTe 
prevents the ZnTe film from being topologized by the Bi2Se3 substrate, as we have 
discussed before. Moreover, because of the significant charge transfer, the binding energy 
between the ZnTe film and the Bi2Se3 substrate (Table I) is much larger (0.29 eV) than 
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the other two systems (< 0.1 eV). On an atomic scale, for the heterostructures 
investigated in the present study, the cation (Zn) in a given ZnM overlayer is located 
directly above the anion (Se) of the Bi2Se3 substrate; therefore, the competition between 
the in-plane Zn-M bonding and the out-of-plane Zn-Se bonding will significantly 
influence the interfacial coupling strength. Specifically, as all the out-of-plane bonds in 
the systems of ZnM/Bi2Se3 are given by the same type of Zn-Se bond, variations in the 
interfacial coupling strength for the three different systems lie in the different in-plane 
Zn-M bonds. Qualitatively, we further observe that the magnitudes of the band gaps for 
ZnM (M = S, Se, Te) satisfy Vg(ZnS)>Vg(ZnSe)>Vg(ZnTe), suggesting that the bond 
strengths should also satisfy Vb(Zn-S)>Vb(Zn-Se)>Vb(Zn-Te). Therefore, the in-plane 
bonding in ZnTe/Bi2Se3 is the weakest, making the interfacial bonding in ZnTe/Bi2Se3 the 
strongest. Since the QLs of Bi2Se3 are mutually coupled through weak van der Waals-like 
interactions, such a strong coupling between the ZnTe film and the 1st QL will compete 
with and weaken the interaction between the 1st and 2nd QL. As a consequence, the ZnTe 
film forces the 1st QL of the TI to be electronically partially decoupled from the 
remaining QLs. Furthermore, because one QL of Bi2Se3 does not have gapless TSS (see 
Supplementary Section S3)41, the upper-surface TSS will naturally be relocated to the top 
of the 2nd QL. In other words, the CI has prevailed by topologically “trivializing” the 1st 
QL of the TI via the reverse-proximity effect.  
To provide further support of the physical picture revealed above, we have 
performed two additional comparative studies. In the first one, we kept the relative 
positions of the ZnTe film and the 1st QL of Bi2Se3 fixed, but increased the distance 
between the 1st and 2nd QL from 2.5 Å to 3 Å, hence further decreasing their coupling. As 
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shown in Figs. 3f-j, the TSS now becomes even more localized on top of the 2nd QL. In 
the second study, we fixed all the QLs of Bi2Se3 and slightly increased the distance 
between the ZnTe film and the 1st QL from 2.6 to 3 Å. As expected, the TSS now moves 
back to the top of the 1st QL, as shown in Figs. 3k-n. 
As yet another strong and complementary support of the above picture, here we study 
the system of ZnTe/Bi2Te3, i.e., replacing Bi2Se3 with the structurally nearly identical 
Bi2Te3, which is also a TI. The charge transfer is less dramatic than that in ZnTe/Bi2Se3, 
as shown in Figs. 3p-s. The reason lies in the smaller work function mismatch between 
the tensilely strained ZnTe and Bi2Te3 than that between the compressively strained ZnTe 
and Bi2Se3 (Table I). The band gap of the ZnTe film is also decreased from 1.85 eV in the 
ZnTe/Bi2Se3 system to 1.39 eV in ZnTe/Bi2Te3, because of the different strains in the two 
systems (Table I). As a consequence, both the band misalignment (Fig. 3p) and binding 
energy (Table I) between the ZnTe film and the Bi2Te3 substrate become smaller 
compared to that in the former case. Naturally, the TSS now floats to the top of the ZnTe 
film, indicating that the ZnTe is now topologized by the Bi2Te3 substrate.  
For the specific system of ZnTe/Bi2Se3, the interfacial coupling strength is fixed 
under normal contact conditions. Nevertheless, when an electric bias potential is applied 
in the direction perpendicular to the interface, the resultant charge transfer across the 
interface can be altered, potentially weakening the overall interfacial coupling to be 
comparable to the case of ZnTe/Bi2Te3 or ZnSe/Bi2Se3. If so, the reverse topological 
proximity effect is likely to be tuned into a normal proximity effect. This intriguing 
feasibility will be explored systematically in a future study. 
It is also instrumental to elaborate more on the delicate roles of the different physical 
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parameters influencing the dual proximity effects and the corresponding topological 
phase transitions. First, the overall coupling strength at the CI/TI interface, measured by 
the interfacial binding energy (Eb), is naturally a crucial parameter. This strength is 
largely determined by the relative work functions of the CI and TI (which in turn depend 
on their relative band gaps), the resultant charge transfer across the interface, and the 
nature of the local interfacial bonding. In particular, for the systems considered here, we 
observe that, (1) the direction of charge transfer is always from the cation (Zn) of the CI 
to the anion (Se) of the TI and, (2) stronger interfacial coupling exists for heterostructures 
in which the CI has a smaller work function than the TI. To see how the magnitude of Eb 
is closely correlated with the topological proximity effects, we further observe that, when 
the CI/TI interfacial coupling is extremely weak (i.e., Eb = 0.06 eV for the given supercell 
size adopted) the location of the TSS will stay put at the interface, indicating absence of 
the topological proximity effect (Figs. 2a-d and Fig. 4a). In contrast, for ZnSe/Bi2Se3, the 
work functions of the CI and TI are nearly equivalent, the interfacial coupling strength is 
moderate (i.e., 0.06 eV < Eb < 0.20 eV, see Figs. 2e-h, 3p-t, and 4b,c), and the topological 
proximity effect is sufficiently effective in inducing the topological phase transition as 
observed. Furthermore, for ZnTe/Bi2Se3, the work function of the CI is smaller than that 
of the TI, and the strong interfacial coupling is jointly reflected by the large binding 
energy (i.e., Eb = 0.29 eV) and the contaminant alignment of the TSS of the TI and the 
valence band of the CI. As a consequence, the substantial electronic hybridization at the 
interface will pull the first QL of the TI substrate to be even more weakly coupled with 
the second QL and the rest of the TI substrate, thereby topologically trivializing the first 
QL, and shifting the TSS to be on top of the second QL (Figs. 3a-e and 4d).  
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Aside from the interfacial coupling strength Eb, another delicate physical parameter in 
influencing the topological proximity effect is the spin-orbit coupling strength within the 
CI, ΔSO. This aspect can be qualitatively understood by recalling that the global 
topological property of the TI substrate is intimately tied to the spin-orbit coupling within 
the substrate1. Therefore, proper spin texture30 of the CI overlayer due to its own spin-
orbit coupling is also required in order for the topological proximity effect to be operative 
in the form of advancing the TSS from initially on the top of the TI to the top of the CI. 
This is qualitatively illustrated in Figs. 4b and 4c, showing that, when ΔSO is weaker than 
some critical value ΔC, the TSS is still located at the interface (Figs. 2a-d, Fig. 4b); but 
when ΔSO > ΔC, the TSS will move to a lower energy due to stronger interfacial coupling 
(Fig. 4c), and spatially shift to the top of the CI (Figs. 2e-h, 3p-t). 
       Finally, we note that the dual-proximity effects revealed in TI-based heterostructures 
imply an inherent property of topological quantum phase transitions that do not invoke 
symmetry breaking measured by a local order parameter. This new type of quantum 
phase transition induced by topological proximity effects may find broad applicability. 
Motivated by these findings from density functional theory (DFT) calculations, an 
ongoing effort is to develop a more generic theory to describe the rich topological phase 
transitions in various CI/TI heterostructures based on consideration of the dominant 
physical factors controlling the transitions. Furthermore, experimental efforts 
demonstrating such tunability in the vertical location of the TSS, and other related 
manifestations and opportunities enabled by this tunability, are expected to materialize. 
Appealing examples include exploiting the robust nature of the TSS on top of a 
conventional catalyst for enhanced surface catalysis, spatially separating the TSS from 
13 
 
the bulk state of a TI for potential definitive conductivity measurement of the TSS, 
protecting the TSS from gas contamination in air33, etc. Such advances will also likely 
enrich the functionality and potential technological applications of the TI-based 
heterostructures.  
 
Methods 
All the density functional calculations were carried out using the Vienna ab initio 
simulation package (VASP) 42  with projector-augmented-wave potentials 43  and 
the Perdew-Burke-Ernzerhof generalized gradient approximation 44  for exchange-
correlation functional. The lattice constants of Bi2Se3 and Bi2Te3 were adopted from 
experiments. The generic Bi2Se3 and Bi2Te3 substrates were modeled by a slab of 32 
atomic layers or 6 QLs.  The semiconducting overlayers ZnM (111) (M = S, Se, Te) were 
epitaxially placed on the (0001) surface of the TIs, and the energetically most stable 
configuration is obtained by putting Zn directly above Se, and M in the hcp sites, with the 
Zn face adjacent to the Bi2Se3 surface (Fig. 1d). The vacuum layers used are over 20 Å 
thick to ensure decoupling between neighboring slabs. During structural relaxation, atoms 
in the TI substrate were fixed in their respective bulk positions, and all the other atoms in 
the semiconducting overlayer were allowed to relax until the forces on them are smaller 
than 0.01 eV/Å. Test calculations with the first QL of the TI substrates also fully relaxed 
show that the relaxation effects are minimal and do not change the main physical pictures 
emphasized in the present study. A 7×7×1 k-point mesh was used for the 1×1 surface unit 
cell45. The SOC splitting of a semiconductor is defined as ( ) ( )υυ εε 78 Γ−Γ=∆SO  at the 
top of the valence band 40. For the single-layered ZnM films, we use the magnitude of the 
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SOC-split gaps in the valence band as a measure of the SOC. 
 
ACKNOWLEDGMENTS. The authors thank Dr. Haiping Lan and Dr. Wenguang Zhu for 
helpful discussions. This work was supported by the National Natural Science 
Foundation of China (Grant Nos. 11034006, 51074151, and 11204286), The MOST 
(Grant Nos. 2010CB923401 and 2011CB921801), US National Science Foundation 
(Grant No. 0906025), and the BES program of US Department of Energy (Grant No. 
ER45958). The calculations were performed at the National Energy Research Scientific 
Computing Center (NERSC) of the US Department of Energy. 
 
Author contributions 
Z.Z. conceived the idea and directed the project. G.W. performed the DFT calculations. G.W., 
X.C., and H.C. wrote the initial draft of the paper, which was further polished by X.L. and 
Z.Z.. All authors contributed to the interpretation of the results and conceptual development 
of the work. 
 
Additional information 
The authors declare no competing financial interests. Supplementary Information 
accompanies this paper at http://www.nature.com/nmat. Reprints and permission 
information is available online at http://www.nature.com/reprints.  
 
References  
1. Kane, C. L. & Mele, E. J. Z2 Topological Order and the Quantum Spin Hall Effect. 
Phys. Rev. Lett.  95, 146802 (2005).  
 
15 
 
 
2. Fu, L., Kane, C. L. & Mele, E. J. Topological Insulators in Three Dimensions. Phys. 
Rev. Lett. 98, 106803 (2007). 
3. Moore, J. E. & Balents, L. Topological invariants of time-reversal-invariant band 
structures. Phys. Rev. B 75, 121306 (2007). 
4. Qi, X. L., Hughes, T. L. & Zhang, S. C. Topological field theory of time-reversal 
invariant insulators. Phys. Rev. B 78, 195424 (2008). 
5 . Bernevig, B. A., Hughes, T. L. & Zhang, S. C. Quantum Spin Hall Effect and 
Topological Phase Transition in HgTe Quantum Wells. Science 314, 1757-1761 (2006).  
6. Hsieh, D., Qian, D., Wray, L., Xia, Y., Hor, Y. S., Cava, R. J. & Hasan, M. Z. A 
topological Dirac insulator in a quantum spin Hall phase. Nature 452, 970-974 (2008).  
7. Chen, Y. L.,  Analytis, J. G., Chu, J. H., Liu, Z. K., Mo, S. K., Qi, X. L., Zhang, H. J., 
Lu, D. H., Dai, X., Fang, Z., Zhang, S. C., Fisher, I. R., Hussain, Z. & Shen, Z. X. 
Experimental Realization of a Three-Dimensional Topological Insulator, Bi2Te3. Science 
325, 178-181 (2009).  
8. Xia, Y., Qian, D., Hsieh, D., Wray, L., Pal, A., Lin, H., Bansil, A., Grauer, D., Hor, Y. 
S., Cava, R. J. & Hasan, M. Z. Observation of a large-gap topological-insulator class with 
a single Dirac cone on the surface. Nature Phys. 5, 398-402 (2009). 
9. Zhang, H. J., Liu, C. X., Qi, X. L., Dai, X., Fang, Z. & Zhang, S. C. Topological 
insulators in Bi2Se3, Bi2Te3 and Sb2Te3 with a single Dirac cone on the surface. Nature 
Phys. 5, 438-442 (2009). 
10. Liu, Z., Liu, C. X., Wu, Y. S., Duan, W. H., Liu, F. & Wu, J. Stable Nontrivial Z2 
Topology in Ultrathin Bi (111) Films: A First-Principles Study. Phys. Rev. Lett. 107, 
136805 (2011). 
 
16 
 
 
11. Chadov, S., Qi, X. L., Kübler, J., Fecher, G. H., Felser, C. & Zhang, S. C. Tunable 
multifunctional topological insulators in ternary Heusler compounds.  Nature Mater. 9, 
541-545 (2010). 
12. Lin, H., Wray, L. A., Xia, Y. Q., Xu, S. Y., Jia, S., Cava, R. J., Bansil, A. & Hasan, M. 
Z. Half-Heusler ternary compounds as new multifunctional experimental platforms for 
topological quantum phenomena. Nature Mater. 9, 546-549 (2010). 
13. Xiao, D., Yao, Y. G., Feng, W. X., Wen, J., Zhu, W. G., Chen, X. Q., Stocks, G. M. & 
Zhang, Z. Y. Half-Heusler Compounds as a New Class of Three-Dimensional Topological 
Insulators. Phys. Rev. Lett. 105, 096404 (2010). 
14. Yu, R., Zhang, W., Zhang, H. J., Zhang, S. C., Dai, X. & Fang, Z. Quantized 
Anomalous Hall Effect in Magnetic Topological Insulators. Science 329, 61-64 (2010). 
15. Chen, Y. L., Chu, J. H., Analytis, J. G., Liu, Z. K., Lgarashi, K., Kuo, H. H., Qi, X. L., 
Mo, S. K., Moore, R. G., Lu, D. H., Hashimoto, M., Sasagawa, T., Zhang, S. C., Fisher, I. 
R., Hussain, Z. & Shen, Z. X. Massive Dirac Fermion on the Surface of a Magnetically 
Doped Topological Insulator. Science 329, 659-662 (2010). 
16. Wray, L. A., Xu, S. Y., Xia, Y. Q., Hsieh, D., Fedorov, A. V., Hor, Y. S., Cava ,R. J., 
Bansil, A., Lin, H. & Hasan, M. Z. A topological insulator surface under strong Coulomb, 
magnetic and disorder perturbations. Nature Phys. 7, 32-37 (2011). 
17. Kong, D., Chen, Y. L., Cha, J. J., Zhang, Q. F., Analytis, J. G., Lai, K. J., Liu, Z. K., 
Hong, S. S., Koski, K. J., Mo, S. K., Hussain, Z., Fisher, I. R., Shen, Z. X. & Cui, Y.  
Ambipolar Field Effect in Topological Insulator Nanoplates of (BixSb1-x)2Te3. Nature 
Nanotech. 6, 705-709 (2011). 
18 . Tilahun, D., Lee, B., Hankiewicz, E. M. & MacDonald, A. H. Quantum Hall 
 
17 
 
 
Superfluids in Topological Insulator Thin Films. Phys. Rev. Lett. 107, 246401 (2011). 
19. Fu, L. & Kane, C. L. Superconducting Proximity Effect and Majorana Fermions at 
the Surface of a Topological Insulator. Phys. Rev. Lett. 100, 096407 (2008).  
20. Garate, I. & Franz, M. Inverse Spin-Galvanic Effect in the Interface between a 
Topological Insulator and a Ferromagnet. Phys. Rev. Lett. 104, 146802 (2010). 
21. Chen, H., Zhu, W. G., Xiao, D. & Zhang, Z. Y. CO Oxidation Facilitated by Robust 
Surface States on Au-Covered Topological Insulators. Phys. Rev. Lett. 107, 056804 
(2011). 
22 . Kong, D. S. & Cui, Y. Opportunities in chemistry and materials science for 
topological insulators and their nanostructures Nature Chem. 3, 845-849 (2011). 
23. Das, T. Spin-orbit density wave induced hidden topological order in URu2Si2. Sci. 
Rep. 2, 596 (2012). 
24. Xu, S. Y., Xia, Y., Wray, L. A., Jia, S., Meier, F., Dil, J. H., Osterwalder, J., Slomski, 
B., Bansil, A., Lin, H., Cava, R. J. & Hasan, M. Z. Topological Phase Transition and 
Texture Inversion in a Tunable Topological Insulator. Science 332, 560-564 (2011). 
25. Weeks, C., Hu, J., Alicea, J., Franz, M. & Wu, R. Q. Engineering a Robust Quantum 
Spin Hall State in Graphene via Adatom Deposition. Phys. Rev. X 1, 021001 (2012). 
26. Kim, M. S., Kim, C. H., Kim, H. S. & Ihm, J. Topological quantum phase transitions 
driven by external electric fields in Sb2Te3 thin films. Proc. Natl. Acad. Sci. USA 109, 
671-674 (2012). 
27. Chen, C. Y., He, S. L., Weng, H. M., Zhang, W. T., Zhao, L., Liu, H., Jia, X. W., Mou, 
D. X., Liu, S. Y., He, J. F., Peng, Y. Y., Feng, Y., Xie, Z. J., Liu, G. D., Dong, X. L., Zhang, 
J., Wang, X. Y., Peng, Q. J., Wang, Z. M., Zhang, S. J., Chen, C. T., Xu, Z. Y., Dai, X., 
 
18 
 
 
Fang, Z. & Zhou, X. J. Robustness of topological order and formation of quantum well 
states in topological insulators exposed to ambient environment. Proc. Natl. Acad. Sci. 
USA 109, 3694-3698 (2012). 
28. Benia, H. M., Lin, C., Kern, K. & Ast, C. R. Reactive Chemical Doping of the Bi2Se3 
Topological Insulator. Phys. Rev. Lett. 107, 177602 (2011). 
29. Hirahara, T., Bihlmayer, G., Sakamoto, Y., Yamada, M., Miyazaki, H., Kimura, S., 
Blügel, S. & Hasegawa, S. Interfacing 2D and 3D Topological Insulators: Bi(111) Bilayer 
on Bi2Te3. Phys. Rev. Lett. 107, 166801 (2011). 
30. Hutasoit, J. A. & Stanescu, T. D. Induced spin texture in semiconductor/topological 
insulator heterostructures. Phys. Rev. B 84, 085103 (2011). 
31. Chang, J., Jadaun, P., Register, L. F., Banerjee, S. K. & Sahu, B. Dielectric capping 
effects on binary and ternary topological insulator surface states. Phys. Rev. B 84, 155105 
(2011). 
32. Brüne, C., Liu, C. X., Novik, E. G., Hankiewicz, E. M., Buhmann, H., Chen, Y. L., Qi, 
X. L., Shen, Z. X., Zhang, S. C. & Molenkamp, L. W. Quantum Hall Effect from the 
Topological Surface States of Strained Bulk HgTe. Phys. Rev. Lett. 106, 126803 (2011). 
33. Hong, S. S., Cha, J. J., Kong, D. & Cui, Y. Ultra-low carrier concentration and 
surface-dominant transport in antimony-doped Bi2Se3 topological insulator nanoribbons. 
Nat. Commun. 3, 757-761 (2012). 
34. Qu, F. M., Yang, F., Shen, J., Ding, Y., Chen, J., Ji, Z. Q., Liu, G.T., Fan, J., Jing, X. 
N., Yang, C. L. & Lu, L. Strong Superconducting Proximity Effect in Pb-Bi2Te3 Hybrid 
Structures. Sci. Rep. 2, 339 (2012). 
35. Xiu, F. X.,  Meyer, N., Kou, X. F., He, Y., Lang, M. R., Wang, Y., Yu, X. X, Fedorov, 
 
19 
 
 
A. V., Zou, J. & Wang, K. L. Quantum Capacitance in Topological Insulators. Sci. Rep. 2, 
669 (2012). 
36. Qi, X. L. & Zhang, S. C. The quantum spin Hall effect and topological insulators. 
Physics Today 63, 33-38 (2010). 
37 . Lenz, K., Zander, S. & Kuch, W. Magnetic Proximity Effects in 
Antiferromagnet/Ferromagnet Bilayers: The Impact on the Néel Temperature. Phys. Rev. 
Lett. 98, 237201 (2007). 
38. Helmes, R. W., Costi, T. A. & Rosch, A. Kondo Proximity Effect: How Does a Metal 
Penetrate into a Mott Insulator? Phys. Rev. Lett. 101, 066802 (2008). 
39. Jiang, Y. P., Sun, Y.Y., Chen, M., Wang, Y. L., Li, Z., Song, C. L., He, K., Wang, L. 
L., Chen, X., Xue, Q. K., Ma, X. C. & Zhang, S. B. Fermi-Level Tuning of Epitaxial 
Sb2Te3 Thin Films on Graphene by Regulating Intrinsic Defects and Substrate Transfer 
Doping. Phys. Rev. Lett. 108, 066809 (2012). 
40. Cardona, M. (1969) in Solid State Physics, eds Seitz,  F., Turnbull, D. & Ehrenreich, 
E. (Academic, New York), Vol. 11. 
41. Zhang, Y., He, K., Chang, C. Z., Song, C. L., Wang, L. L.,  Chen, X., Jia, J. F., Fang, 
Z., Dai, X., Shan, W. Y., Shen, S. Q., Niu, Q., Qi, X. L., Zhang, S. C., Ma, X. C. & Xue, 
Q. K. Crossover of the three-dimensional topological insulator Bi2Se3 to the two-
dimensional limit. Nature Phys. 6, 584-588 (2010). 
42. Kresse, G. & Furthmüller, J. Efficient iterative schemes for ab initio total-energy 
calculations using a plane-wave basis set. Phys. Rev. B 54, 11169-11186 (1996). 
43. Blöchl, P. E. Projector augmented-wave method. Phys. Rev. B 50, 17953-17979 
(1994). 
 
20 
 
 
44. Perdew, J. P., Burke, K. & Ernzerhof, M. Generalized Gradient Approximation Made 
Simple. Phy.s Rev. Lett. 77, 3865-3868 (1996). 
45 . Methfessel, M. & Paxton, A. T. High-precision sampling for Brillouin-zone 
integration in metals. Phys. Rev. B 40, 3616-3621 (1989). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
21 
 
 
Figure legends 
 
Figure 1 | Schematic illustration on tuning the vertical location of the topological 
surface states (TSS) as a topological insulator (TI) is covered with a layer of 
conventional insulator (CI). a, TSS floating to the top of the CI. b, Staying put at the 
CI/TI interface. c, Diving into the TI. d, The atomic structure of ZnM/Bi2Se3 (M = S, Se, 
Te). The red lines denote the TSS; the arrows indicate the resulting directions of the 
topological phase transition. 
 
Figure 2 | Band structures of ZnS/Bi2Se3 (upper row) and ZnSe/Bi2Se3 (lower row) 
along the Κ−Γ−Μ direction. The dots indicate the electronic bands contributed by the CI 
(a and e), the 1st QL of the TI (b and f), and the 6th QL (c and g), respectively; the sizes 
and colors of the dots also indicate different spectral weights and contributions from 
different atoms, respectively. d and h show the charge density distribution of the upper-
surface TSS at the Γ point marked by the circle and indicated by DPU. The DPU/L stands 
for the Dirac point at the upper/lower surface. The grey and cyan bars denote the 
locations of the different QLs and the CI, respectively. 
 
Figure 3 | Band structures of ZnTe/Bi2Se3 and ZnTe/Bi2Te3 along the Κ−Γ−Μ 
direction. Band structures of the relaxed ZnTe/Bi2Se3 system (top row), the ZnTe/Bi2Se3 
system with an increased separation of 3 Å from 2.5 Å between the 1st QL and 2nd QL of 
the TI substrate (second row), the ZnTe/Bi2Se3 system with an increased separation of 3 
Å from 2.6 Å between the CI and 1st QL (third row), and the relaxed ZnTe/Bi2Te3 system 
 
22 
 
 
(bottom row). All other symbols are the same as in Fig. 2. 
 
Figure 4 | Illustrations on the effects of the key physical parameters on topological 
phase transitions. a, Weak interfacial coupling. b & c, Moderate interfacial coupling, but 
with different spin-orbit coupling strengths. d, Strong interfacial coupling. The red 
triangles denote the TSS; the solid and dotted black curves correspond to the valence 
bands of the CI and the Fermi level of the heterostructures, respectively. 
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TABLE I | Characteristic properties and vertical locations of the TSS in different 
CI/TI heterostructures. The values for the band gap (Vg), spin-orbit splitting (ΔSO), and 
work function (Φ) are obtained for free-standing single-layered CIs; the bulk lattice 
constants (a) of the CI are from experiments. The last three columns indicate the lattice 
mismatch (Δa), binding energy (Eb) between the CI and TI, and the location of the TSS 
(Z). The values in the square brackets are the corresponding values for the TI substrates.  
  
System (Substrate) Vg  (eV) ΔSO (eV) Φ (eV) a (Å) Δa Eb (eV) Z 
ZnS (Bi2Se3) 1.82 (0.40) 0.03 6.10 (5.55) 3.82 (4.14) +8.4% 0.06 Interface 
ZnSe (Bi2Se3) 1.58 (0.40) 0.20 5.77 (5.55) 4.00 (4.14) +3.5% 0.09 Top 
ZnTe (Bi2Se3) 1.85 (0.40) 0.55 3.98 (5.55) 4.31 (4.14) -3.9% 0.29 Inside 
ZnTe (Bi2Te3) 1.39 (0.39) 0.48 4.93 (5.00) 4.31 (4.38) +1.6% 0.19 Top 
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